Plasmodium falciparum malaria during pregnancy is an important cause of maternal and infant morbidity and mortality. Accumulation of large numbers of P. falciparum-infected erythrocytes in the maternal blood spaces of the placenta may be mediated by adhesion of infected erythrocytes to molecules presented on the syncytiotrophoblast surface. In this study, isolates from placentas and peripheral blood of infected pregnant women and from children were tested for binding to purified receptors and for agglutination with adult sera. Results suggest that adhesion to chondroitin sulfate A may be involved in placental parasite sequestration in most cases, but other factors are also likely to be important. Agglutination assay results suggest that parasites infecting pregnant women are antigenically distinct from those common in childhood disease. The prevalence of agglutinating antibodies to pregnancy isolates was generally low, but it was highest in multigravidae who are likely to have had the greatest exposure.
areas with high malaria transmission, perhaps because of significant malarial immunity acquired prior to pregnancy [1, 2] .
A characteristic of infection with P. falciparum is sequestration, a process involving the accumulation of large numbers of parasitized erythrocytes in various organs. In the brain, this process has been associated with cerebral malaria [6] . Sequestration appears to be mediated by adhesive interactions between parasite ligands on the surface of infected erythrocytes (IEs) and host molecules present on microvascular endothelium [7] . Pregnant women infected with P. falciparum typically have large numbers of parasitized erythrocytes accumulated in the intervillous spaces of the placenta [8] and may show placental infection in the absence of peripheral parasitemia [9] . Placental parasites show a predominance of mature forms not seen in the periphery [8] . These features suggest that placental infection involves a cytoadherence-sequestration phenomenon.
P. falciparum IEs adhere to a range of host molecules in vitro, including chondroitin sulfate A (CSA) [10] , intercellular adhesion molecule 1 (ICAM-1) [11] , and CD36 [12, 13] , a molecule to which most isolates from nonpregnant persons adhere [14, 15] . CSA is a glycosaminoglycan that appears to mediate adhesion through specific sulfation sequences within the polysaccharide molecule [16] . It has been identified on the surface of placental syncytiotrophoblasts [17] [18] [19] and cultured brain and lung endothelial cells [20] , where it appears as chains attached to the proteoglycan thrombomodulin [21] . P. falciparum IEs from infected placentas of Kenyan women bind more to CSA than isolates from the peripheral blood of pregnant women or those from nonpregnant hosts [18] . ICAM-1 has also been identified on the syncytiotrophoblast surface where it P. falciparum in Pregnancy and Childhood 465 could act as a receptor for parasite adhesion in placental sequestration [19, 22] . Clinical isolates of P. falciparum demonstrate enormous antigenic diversity [15, 23] . The principal variant antigen on the surface of IEs is the P. falciparum erythrocyte membrane protein 1 (PfEMP1) [24, 25] , encoded by a large multigene family termed var [26] [27] [28] . PfEMP1 can mediate adhesion of IEs to CD36, ICAM-1 [29] , and CSA [30] . Switching expression of different var genes results in different antigenic and adhesive phenotypes, a process that appears important for immune evasion and parasite survival. Variant-specific antibodies against P. falciparum correlate with protection against clinical disease [31] , and adults in highly endemic areas typically possess a large repertoire of antibodies against different P. falciparum variants [15, 23] .
In this study, the ability of P. falciparum isolates infecting pregnant women and children in Malawi to adhere to CSA, ICAM-1, and CD36 was examined in order to explore the possible roles of these host molecules in the sequestration of P. falciparum IEs. Variant-specific antigens on the surface of IEs of the same isolates were examined by agglutination assays, using sera from women of different parities and from adult men to investigate antigenic differences between childhood and pregnancy isolates and to evaluate the presence of antibodies to infecting isolates.
Methods
Study population. The study was conducted at the Queen Elizabeth Central Hospital, Blantyre, Malawi, from July 1997 to July 1998, in an area of year-round malaria transmission with seasonal variation [32] . All women attending the Antenatal Clinic for routine care and women presenting for delivery at the Labour Ward were screened for peripheral parasitemia in thick and thin blood films prepared from fingerprick blood samples stained by the Field method. Placentas and cord blood were collected immediately after delivery from women admitted to the Labour Ward and screened for parasitemia in a similar way. Women with high peripheral or placental parasitemias were recruited into the study. Blood samples were also collected from children with high parasitemias who either presented to outpatient clinics with uncomplicated malaria or were admitted with severe malaria. Children with both mild and severe malaria were recruited to the study to include a representative sample of isolates causing disease during childhood. In all cases in this report, the infecting species was P. falciparum. Among women attending the Antenatal Clinic, the prevalence of malaria averaged 42%; 47% in primigravidae and 38% in multigravidae [32] . The prevalence of malaria in women attending the Labour Ward averaged 34% for peripheral blood smears and 27% for placental blood smears with no difference in the parasite prevalence between primi-and multigravidae.
Parasite culture and preparation. P. falciparum was cultured in sealable flasks using RPMI-HEPES medium at pH 7.4 supplemented with hypoxanthine 50 mg/mL, NaHCO 3 25 mM, gentamicin 2.5 mg/mL, and either Albumax II (Gibco BRL, Grand Island, NY) 0.5% wt/vol or 10% human AB serum vol/vol in an atmosphere of 1% O 2 , 4% CO 2 , 95% N 2 , as previously described [15, 33] .
Laboratory P. falciparum lines FAF-EA8 [25] and CS2 [34] were used as controls for testing binding to CD36, ICAM-1, and CSA and to check conditions for parasite cultures. Patient blood samples for culturing were collected in tubes containing lithium heparin anticoagulant, centrifuged to remove plasma and buffy coat, and washed three times in PBS (pH 7.4) prior to culture.
For harvest of parasites from freshly delivered infected placentas, several biopsies of placental tissue (∼5-10 cm 3 ) were cut from the maternal side of the placenta and put immediately into 50-mL tubes containing PBS with EDTA 50 mM and then placed on a tube roller for 60 min. Medium containing IEs and blood cells was separated from the placental tissue and centrifuged. The pellet was washed three times in PBS (pH 7.4) before use in assays or cultures. Placental parasites predominantly consisted of mature stages and could be tested for adherence or used in agglutination assays the same day without prior culture.
On some occasions, parasites harvested from culture or placentas were enriched for higher parasitemias by passage over Percoll (Pharmacia Biotechnology, Uppsala, Sweden) density gradients as described [35] . This also facilitated the separation of IEs from white blood cells and other cells, such as those from placental tissue.
Purified receptors. The following receptors were used in cytoadherence assays: CSA (from porcine rib cartilage; Sigma-Aldrich, Sydney) at a concentration of 100 mg/mL and/or CSA covalently linked to phosphatidylethanolamine, 50 mg/mL; CD36 (gift of M. Berndt, Baker Institute, Melbourne), 1 mg/mL; and soluble ICAM-1 from transfected Chinese hamster ovary cells (gift of A. Boyd, Walter and Eliza Hall Institute of Medical Research, Melbourne).
Cytoadherence assays. Assays were performed using P. falciparum trophozoite IEs at a parasitemia of у1% in 150-mm-diameter plastic petri dishes (Falcon 1058; Becton Dickinson, Lincoln Park, NJ) [16] . With an immunohistochemistry pen (Dako, Carpenteria, CA), multiple ∼10-mm diameter circles were drawn on the base of the petri dish. Purified receptors were then spotted (5-mL volume) into the center of each circle after being randomly allocated to different positions for each assay and allowed to adsorb overnight at 4ЊC in a humid box. Wells were blocked with 1% bovine serum albumin (BSA) in PBS for у30 min; the plate was subsequently washed with PBS before the assay was done.
Parasites, harvested from cultures or directly from placental tissue, were washed first in PBS (pH 7.4) and then resuspended in RPMI-HEPES medium containing 1% BSA (pH 6.9, 37ЊC) at a 5% hematocrit or a 2.5% hematocrit when using Percoll-enriched preparations. The parasite suspension (50 mL) was added to each receptor circle, and cytoadherence was allowed to occur for 30 min at 37ЊC. Unbound cells were washed off with PBS (pH 6.9, 37ЊC) using gentle agitation. Bound cells were fixed with 2% glutaraldehyde in PBS, stained with Giemsa, and counted microscopically. Numbers of bound cells were recorded as parasitized erythrocytes per square millimeter before the coating code was broken. This approach enabled the testing of adhesion to all receptors in triplicate in the same petri dish for each isolate used. BSA was used as a control to assess nonspecific binding. All results shown are averages of triplicate spots of binding above levels recorded for the BSA control.
Agglutination assays. Assays were done as previously described [15] using P. falciparum trophozoite IEs at a parasitemia of 1% or higher. Sera were collected from malaria smear-negative primigravid and multigravid women (in third and fourth pregnancies only) at midpregnancy who attended the Antenatal Clinic for routine care and were matched approximately for age and gestation. Sera from adult men were collected from parents of children with malaria who attended outpatient clinics. Sera were used in assays at a 1/10 dilution and were randomized and coded before testing. Results were read blinded. A four-point scoring system was used to grade results: 0, !3 agglutinates of 3-5 IEs; 1, у3 agglutinates of 3-5 IEs; 2, agglutinates of 6-20 IEs; 3, agglutinates of 120 IEs.
Results
Cytoadherence to purified receptors. Adhesion of isolates to CSA was most common among the placental group in which 14 (77.8%) of 18 isolates tested bound at significant levels, whereas 10 (55.6%) of 18 maternal peripheral isolates and only 3 (13.6%) of 22 for differences, x 2 test). Two P ! .02 maternal peripheral isolates bound to CD36 alone at significant but low levels, whereas all other pregnancy isolates that bound to CD36 also bound to CSA. A striking finding was the absence of significant adhesion to ICAM-1 by any of the isolates from pregnant women. In contrast, most (16 [84.2%] of 19) child isolates tested during the same period using equivalent conditions bound to ICAM-1. Figure 1 shows the proportion of isolates in each group that bound to a given receptor (at у5 IE/mm 2 Little or no binding to the receptors tested was observed with some pregnance isolates. Of the peripheral isolates, parasite cultures appeared healthy and grew normally prior to testing. Of the placental isolates, all appeared viable when harvested, there was no history of antimalarial drug use by donors in the week prior to collection of the sample, and P041P, P042P, and P059P demonstrated subsequent reinvasion of uninfected erythrocytes at low parasitemia when cultured (P004P was not commenced in culture). In addition, P004M, P004P, and P042P recorded positive agglutinations with some sera tested, suggesting that although binding to receptors could not be demonstrated in our adherence assays, variant antigens associated with cell adhesion were present on the surface of parasitized erythrocytes.
The Evaluation and comparison of methods. Low or absent binding of some isolates prompted an evaluation of methods used and of the effects of alternative methods and procedures on adherence results. In this study, P. falciparum IEs were gently extracted from pieces of placental tissue by washing in PBS-EDTA. Fine mincing of placental tissue before placement in PBS-EDTA for extraction of parasitized erythrocytes followed by Percoll enrichment (similar to a previously described method [18] ) caused little change in adherence profiles when samples were directly compared by the two methods (data not shown). No adhesion to ICAM-1 was seen. Comparison of subgroups of Percoll-treated and untreated isolates in each category of isolates (table 1) suggests that this procedure generally increases the number of cells adhering to specific receptors, presumably due to higher parasitemias. However, for 2 of 4 isolates tested before and after Percoll enrichment, binding was not detected despite a 110-fold increase in parasitemia.
Most placental isolates were commenced in culture and grew initially at low parasitemia. In only 4 of 15 cases did parasitemia reach у1% and allow retesting of adhesion. After varying times in culture (2-28 days), there was no clear trend, but significant shifts in adherence phenotypes were observed (data not shown). In some cases, isolates that demonstrated no binding when first tested did bind to CD36 and/or CSA after culture, whereas others bound initially when first harvested but subsequently showed no binding after culture. None of the cultured placental isolates demonstrated adhesion to ICAM-1.
Agglutinating antibodies to infecting isolates. Agglutination assays were performed on placental, peripheral maternal, and peripheral child isolates from the same groups as those tested for adhesion by using small sets of sera from uninfected pregnant women (primigravidae and multigravidae) collected at midpregnancy (mean weeks of , for gestation ‫ע‬ SD 21.6 ‫ע‬ 3.8 primigravidae and for multigravidae) and from adult 22.8 ‫ע‬ 2.3 men. All multigravid sera were from women in their third or fourth pregnancies (mean ). The gravidity ‫ע‬ SD ϭ 3.2 ‫ע‬ 0.5 mean for each group were , , ages ‫ע‬ SD 20.7 ‫ע‬ 2.0 24.0 ‫ע‬ 2.4 and years for primigravidae, multigravidae, and 25.2 ‫ע‬ 1.2 adult men, respectively. Three different sets of 4 primigravid sera and 4 multigravid sera were tested separately against 2-3 different placental isolates ( different isolates), 2-4 diftotal ϭ 8 ferent peripheral maternal isolates ( ), and 1-3 different total ϭ 7 peripheral child isolates ( ). Two or 3 male sera (6 diftotal ϭ 6 ferent sera in total) were also tested in some assays. It was not possible to test all isolates against all sera. Results from all assays were pooled to allow statistical evaluation and are summarized in figure 2 .
As a group, isolates from infected children were commonly agglutinated by adult sera (26 positive assays [62%] of 42 performed), whereas agglutinating antibodies against pregnancy isolates, particularly peripheral isolates, were rare. The agglutination scores were also higher for child isolates (mean of ) than for pregnancy isolates (mean of positives ϭ 2.03 ; , Mann-Whitney U test). positives ϭ 1.07 P ! .01
The results for placental isolates (table 2) indicate that agglutination by different sera was isolate-specific and no panagglutinating sera were observed. Of assays using multigravid sera, 31% (9 of 29) were positive, significantly higher ( , P ! .05 Mantel-Haenszel equation) than with primigravid sera (2 [7%] of 29) or male sera (0 of 8). Among assays using peripheral maternal isolates, only 1 positive agglutination was recorded (multigravid serum) from the 56 performed. The differences in the proportion of positive agglutinations recorded for each group of adult sera when testing child isolates were not significant. No positive agglutinations were recorded with some pregnancy isolates, and 5 of 8 of these isolates showed significant binding to CSA and/or CD36, suggesting that variant antigens were present on the surface of IEs in these cases but not recognized by the sera.
Discussion
We found that most placental P. falciparum isolates adhere to CSA in vitro. The proportion of isolates binding to CSA was higher in this group than among isolates from the peripheral blood of the same group of women or isolates from children. However, a significant number of placental isolates in this study did not bind to any of the receptors tested or bound at very low levels. Fried and Duffy [18] reported that all 14 placental isolates tested from Kenyan women bound at significant levels to CSA, leading them to conclude that adhesion to CSA may be a universal feature of parasites sequestered in the placenta. In the present study, a higher proportion of peripheral maternal isolates bound to CSA, indicating that this phenotype may not be exclusively localized to the placenta. We could not identify any methodologic explanations for the differences of our findings; in each case, parasites appeared viable and in 2 cases where no binding was seen, positive agglutinations were recorded, suggesting that parasite molecules associated with adhesion were present on the erythrocyte surface.
A number of factors may have influenced adhesion results, including inhibition by antibodies or leukocytes, which were often seen bound to parasitized erythrocytes (J.G.B. and S.J.R., unpublished data) or by soluble inhibitors such as CSA or CD36. Isolates from the peripheral blood were required to be cultured prior to testing adhesion, whereas placental isolates could be tested without intervening culture. Culture conditions may favor the growth of subpopulations of parasites, and infections in the study population often consist of 11 genotype (S.J.R., unpublished data), which may have different adhesive or antigenic properties. It should also be noted that in vitro adhesion assays do not quantify the proportion of all harvested parasites that can bind. When isolates consist of a mixture of parasite populations, the binding characteristics of some populations may be missed.
Our results generally support a role for specific adhesion to CSA present on the syncytiotrophoblast surface in placental sequestration of P. falciparum; however, other factors appear likely to be important for the accumulation of IEs in the placenta. These may include adhesion to molecules other than CSA or low placental blood flow [36] , which together with reduced cell deformability of parasitized erythrocytes [37] , might favor the accumulation of mature P. falciparum IEs in the placenta. Changes in immunologic responses during pregnancy that could reduce parasite clearance have also been described, such as impaired placental T cell responses to infection [38, 39] , changes in specific antimalarial antibodies [40, 41] , and systemic immunologic impairment as reflected by raised cortisol levels during pregnancy [42] . Published studies examining the histopathology of infected placentas report that very few IEs are directly adherent to the syncytiotrophoblast surface lining the maternal blood spaces [8, 43] .
The marked difference between patterns of CD36 binding of maternal isolates (absent or low) and clinical isolates from children (common and high) suggests that isolates selected after sequestration in the placenta may have exchanged this property 
NOTE. PG1-12, sera from different primigravidae; MG1-12, sera from different multigravidae. Ϫ, negative agglutination assay; ϩ, positive agglutination assay.
for difference between no. of positive agglutination reactions using primigravid P ! .05 vs. multigravid sera (Mantel-Haenszel equation).
for adherence to other molecules, such as CSA. Three placental isolates bound at relatively low levels to CD36, which has not been detected on syncytiotrophoblasts [19] . Parasites from the same placentas also bound to CSA, which may indicate the presence of a subset of parasites with CD36 binding activity or multiple adhesive specificities of some isolates. It is unclear why binding to CSA is not seen more commonly in nonpregnant persons, since thrombomodulin, which may carry CSA chains [21] , is present on endothelial cells [44] . Conditions that support the binding of parasites to CSA in the placenta may be absent in the vasculature of other organs. In addition, testing adhesion to purified CSA in vitro may not be entirely representative of mechanisms in vivo.
It was surprising that none of the isolates from pregnant women collected at term or during the course of pregnancy bound to ICAM-1 at significant levels, whereas most child isolates tested over the same period did bind. These results suggest that adhesion to ICAM-1 is not involved in placental parasite sequestration. ICAM-1 is widespread in a range of vascular beds [45] and is present on the surface of syncytiotrophoblasts [22] , which can support ICAM-1-dependent adhesion of IEs when grown in culture [19] . Unfavorable conditions for binding to occur or immune responses against ICAM-1 binding strains acquired during previous infections may explain the absence of ICAM-1 binding isolates among infected placentas.
In the present study, circulating (peripheral maternal) and sequestered (placental) parasite populations demonstrated antigenic and phenotypic differences. Such comparisons between circulating and sequestered parasites underscore the possible limitations of interpreting the role of adhesion of peripheral blood isolates in the pathogenesis of disease in a given organ. A greater proportion of peripheral maternal isolates collected in midpregnancy bound to CSA than did peripheral blood isolates collected at term, indicating that the former may be more representative of the placentally sequestered parasite population in regard to adhesive phenotype. The low proportion of peripheral maternal isolates collected at term that showed some binding to CSA (20%) is similar to that reported by Fried and Duffy [18] , who tested similar isolates collected at term and not during the course of pregnancy.
Isolates collected from children were commonly agglutinated by adult sera, whereas agglutination of pregnancy isolates was rare, suggesting that the two parasite populations are antigenically different and that pregnancy selects in some way for subpopulations of P. falciparum variant types that are rare in the wider community. Selection may occur as a result of the adhesion of parasites to novel receptors (e.g., CSA in the placenta) in combination with other factors. A study of strain-specific immunity in Kenyan children suggests that persons with a repertoire of agglutinating antibodies against a wide range of isolates develop infections with less common or rare antigenic variants [46] . Similar selection pressures may be important during pregnancy. The diversity of agglutination seen with different placental isolates suggests that pregnancy isolates are not antigenically restricted.
Before pregnancy there may be little or no exposure to these antigenic types, but after several pregnancies, during which exposure occurs, antibody responses develop that may help prevent infection in subsequent pregnancies. This is reflected in the higher prevalence of agglutinating antibodies to placental isolates in the sera of multigravidae. Agglutinating or variantspecific antibodies correlate with protection from disease in African children [31] ; however, Fried et al. [47] found no association between placental infection and such antibodies but did find an association between CSA adhesion inhibition antibodies and infection. A detailed understanding of adhesion and antigenic variation of P. falciparum infection in pregnancy and of the molecular mechanisms governing these features may further clarify the pathogenesis of malaria during pregnancy and identify immune responses that are protective.
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